We observe asymmetric color filtering under unpolarized incidence in a structured metallic (Ag) film, where the center of an optically thick circular Ag disk surrounded by a step gap appears dark when observed from one side, and bright from the other. The latter situation corresponds to abnormally high optical transmission through the optically thick film. We explain this by a three-step process: coupling of photons to surface plasmon polaritons (SPPs), wave interference of SPPs forming resonant cavity modes, and out-coupling from SPPs to photons. Full wave electromagnetic simulations based on the finite element method support our findings. These results may have potential applications in areas such as optical color filtering and biosensing via dielectric detection within the step gap plasmonic cavity. . Due to the advancement of fabrication and calibration techniques, research on novel applications based on SPPs and their cavity modes is expanding, recent examples of which include plasmonic waveguiding 5, 6 , focusing 7, 8 , and color filtering [9] [10] [11] . Most recently, researchers are exploring the possibilities of achieving asymmetric propagation of electromagnetic (EM) waves via 2D (or quasi-2D) symmetry-broken structures 12, 13 . These works break the symmetry between forward and backward travelling EM waves by generating asymmetric plasmon modes locally in the asymmetric metallic structures. Although not in the real sense an optical isolator 14 , these effects can have a wide range of optoelectronic applications 12, 13 . We show here a new version of symmetry-broken EM propagation, realized by breaking the geometrical symmetry on different sides of a nanostructured device. Our design has axial symmetry, and thus has minimum requirements on the polarization state of incident light, such that it works for even unpolarized incidence.
S
urface plasmon polaritons (SPPs) are two dimensional electron density waves that can propagate along and are confined to a metal-dielectric interface. First proposed by Langmuir et al. in 1929, plasmons are collective excitations of electrons in a metal 1 . That plasmons can be excited along a metal-dielectric interface and then propagate as SPPs was noted by Ritchie in 1957 2 . SPPs have gained significant attention in recent years, perhaps especially since a report of extraordinary optical transmission through sub-wavelength hole arrays on metal films by Ebbesen et al. 3, 4 . Due to the advancement of fabrication and calibration techniques, research on novel applications based on SPPs and their cavity modes is expanding, recent examples of which include plasmonic waveguiding 5, 6 , focusing 7, 8 , and color filtering [9] [10] [11] . Most recently, researchers are exploring the possibilities of achieving asymmetric propagation of electromagnetic (EM) waves via 2D (or quasi-2D) symmetry-broken structures 12, 13 . These works break the symmetry between forward and backward travelling EM waves by generating asymmetric plasmon modes locally in the asymmetric metallic structures. Although not in the real sense an optical isolator 14 , these effects can have a wide range of optoelectronic applications 12, 13 . We show here a new version of symmetry-broken EM propagation, realized by breaking the geometrical symmetry on different sides of a nanostructured device. Our design has axial symmetry, and thus has minimum requirements on the polarization state of incident light, such that it works for even unpolarized incidence.
In previous work, we demonstrated SPP drumhead modes within circular structures 11 . An example of an SPP drumhead cavity surrounded by a circular step gap is shown in Fig. 1 (adapted from Ref. 11). When light is injected from the bottom side of this device, one observes transmitted light leaking into the far field around the step gap circumference. As reported in Ref. 11, the spectrum of this leaked light is modulated by the formation of resonant SPP standing waves (drumhead modes) on the circular cavity surface, yielding a ''plasmonic halo'' effect 11 . Here, we present another phenomenon related to this step gap drumhead structure, found by simply reversing the direction of illumination. That is, when light is injected from the top side, one observes that the center of the SPP drumheads always appears bright, in strong contrast to the ''plasmonic halo'' case, where one sees a dark center of the drumheads. This is anomalous because in the central region, where strong far-field light intensity is observed, the Ag film is optically thick (300 nm), forbidding any direct transmission of photons. In other words, via the step-gap circular drumhead structure, it appears as though photons transmit through an optically thick metal film. We call this a ''reverse halo'' effect due to its close relation to the plasmonic halo effect, but with the light direction reversed. As we show below, the physical origin of this counterintuitive reverse halo phenomenon lies in a three-step coupling process: incident photons are coupled into SPPs, which then propagate and interfere along the metal/dielectric interface, forming standing waves, which couple back into photons via multiple scattering mechanisms. The reverse halo effect, together with the plasmonic halo, make the structured Ag film work somewhat like an optical rectifier might, with the center of the Ag disk being bright when illuminated from one side, and dark when illuminated from the other side. The device, however, is not an optical rectifier or diode in the real sense, since it does not break time-reversal symmetry of an electromagnetic wave 14 . Nonetheless, its asymmetric transmission property can have practical applications, such as asymmetric optical color filtering and biosensing via dielectric detection. Fig. 1 shows SEM micrographs and design details of the circular stepgap SPP cavity. Fig. 1(a) shows an SEM micrograph of the top view of one cavity with 2.85 mm diameter. Fig. 1(b) shows a 45-degree tilted view SEM micrograph of a cross-section taken along the line indicated in Fig. 1(a) . The cross-section was cut by focused ion beam milling. Fig. 1(c) shows a schematic design of the step gap structure. The fabrication process was as follows: a layer of PMMA 495 (poly methyl methacrylate, a type of resist for electron beam lithography (EBL)) was spin coated on to an indium tin oxide (ITO, 500 nm) coated glass slide; circular patterns were defined on the PMMA layer via EBL and a layer of Ag was sputtered onto the patterned PMMA layer. Due to the quasi-directional nature of the sputtering process, when the deposited Ag is optically thick (t Ag , 300 nm), its side wall thickness in the step gap remains optically thin (t sw , 50 nm), allowing direct tunneling of SPPs and photons. 
Results

Discussion
Two dimensional full wave electromagnetic simulations (using COMSOL MultiPhysics 4.3b) with axial symmetry were carried out to assist in our understanding of this phenomenon. As shown in Fig. 3 , a plane wave is incident from the top side of the structure, with a k vector along the 2z direction, H vector pointing out of plane, and E vector pointing in the horizontal, radial direction. When revolved 360 degrees, this corresponds to the situation of radially polarized electric field input. Although this excitation scheme is not identical to that employed in the experiments, it mimics the unpolarized nature of the incident light. The simulated circular cavity has a diameter of 4 mm, with other parameters defined in Fig. 1(c) . The transverse electric field is obtained by jE t j 2 5 jE r j 2 1 jE h j 2 . The incident electric fields are first coupled to SPPs and travel to the bottom side of the Ag/ITO interface through the step gap region, as shown in Fig. 3(b) . The SPPs then form resonant drumhead modes along the circular Ag/ITO interface, resulting in a center intensity maximum. This SPP focusing phenomenon along circular geometries is widely observed and studied 7, 11, 15 . The down-propagating electric field has two origins: one is from direct tunneling through the optically thin step gap region, resulting in the bright outer rings similar to those seen in the plasmonic halo effect; the other is from coupling from the SPP component in the form of radiation loss of SPPs due to surface and grain-boundary scattering on the Ag/ITO interface 16 , resulting in the bright centers of the step gap cavities. The reasons for a much weaker radiation coupling effect on the Ag/air interface when illuminating from the bottom (the plasmonic halo) than on the Ag/ITO interface (the reverse halo) are twofold. First, the Ag/ITO interface on the bottom has an open optical boundary below it. With no other forms of modes to couple to, the SPPs along the Ag/ ITO interface are scattered directly into free propagating photons, as opposed to the Ag/air interface on top, which is within a circular cavity formed by the step-gap, allowing the SPP-generated photons to interfere with photons directly tunneled through the step-gap 11 . Second, for SPPs, the Ag/ITO interface has a much larger effective radius than the Ag/air interface with the same physical dimension. For example, for incident light with 490 nm free space wavelength, the SPP wavelength along a Ag/air interface (l SPP (air) 5 459 nm) is ,5 times that along a Ag/ITO interface (l SPP (ITO) 5 87 nm), indicating a corresponding increase in the effective radius along the Ag/ ITO interface. This much larger effective radius along the Ag/ITO interface assists the SPP-photon coupling process 16 . Furthermore, the higher dielectric constant of ITO effectively increases the surface roughness and grain boundary size of the Ag film along the Ag/ITO interface, enlarging the radiation loss of SPPs. In summary, the geometric difference and the dielectric environment difference result in a drastically different out-coupling pathway for bound SPPs, leading to the bright/dark contrast of the top and bottom Ag surface under two illumination schemes.
The above argument alone, however, does not fully explain the observed phenomenon. The SPP standing wave-induced far-field component should have nodes and anti-nodes, like the SPP drumhead mode patterns along the circular Ag/ITO interface simulated in Fig. 4(b) . The experimentally observed center bright spot, however, is blurred out, as shown in more detail in Fig. 4(d) . This can be explained by the Abbe diffraction limit l/(2NA) of an optical microscope 17 . The sample images were taken with a 503 objective lens, with NA 5 0.8. Thus, the resolution limit is ,l/1.6 for the obtained reverse halo images. For a 490 nm incident light, this limit is calculated to be 306 nm, 3.5 times larger than the calculated periodicity of the nodes and antinodes of SPP standing waves along the Ag/ITO interface, which is about l SPP (ITO) 5 87 nm under 490 nm light. Fig. 4(c) shows the same field profile as Fig. 4(b) , after numerically signal averaging over an area with 306 nm diameter to mimic the resolution limit in our optical microscope. The color scales in Fig. 4(a) , (b) & (c) are chosen so as to match the experimental data shown in Fig. 4(d) . After this averaging associated with the diffraction limit, the smoothed center bright spot agrees well with the measured result. This is the main result of this paper. In principle, sub-diffraction-limit microscopy, such as NSOM, could resolve the blurred standing wave patterns. This is not possible with the present sample configuration, however, due to the thickness of the glass substrate on the bottom side.
To put the above results in context, we show in Fig. 5 a simulation for the bottom illumination situation under the same incidence condition for the same structure as Fig. 4 , generating the plasmonic halo effect 11 . Figure 5(a) shows the profile of transverse (in-plane) electric field intensity at the cross-section of a circular step gap structure, where the dark center within the circular step gap cavity is clearly presented. If we take a cross-section within the circular cavity, we will see a dark center surrounded by a circular bright ring, as shown in Fig. 5(b) . Simulation results shown in Fig. 4(c) and 5(b) closely represent the measured data in Fig. 2 (c) and (d) , confirming the SPP-related physical nature of this phenomenon. Figure 6 shows the transmission spectrum of the same circular structure as in Fig. 4 , under the same illumination condition with incident wavelength swept from 450 to 750 nm. The sharp transmission peak at around 490 nm corresponds to the bright center mode shown in Fig. 4 . As analyzed in detail in Ref. 11, the side wall length of the step-gap structure, together with the radius of the circular cavity, determine the spectral response of the device over the visible range. The two transmission minima between 550 to 600 nm are caused by SPP drumhead modes within the circular step gap 11 . Unlike optical isolators, which require breaking of time-reversal symmetry to create nonreciprocity [18] [19] [20] , asymmetric light propagation in reciprocal systems works by breaking chiral symmetry (handedness) [21] [22] [23] [24] or geometry 13, 25, 26 . While some designs generate asymmetric transmission for circularly polarized incidence [21] [22] [23] [24] , others show asymmetric propagation for linearly polarized light [25] [26] [27] [28] .
One of the advantages of our circular step gap structure is its intrinsic property of axial symmetry, making it compatible with both linearly and circularly polarized, and even unpolarized, light. In fact, the optical images in Fig. 2 are taken under unpolarized illumination.
In conclusion, we have shown a novel optical phenomenon that works as an asymmetric color filter, where the center of an optically thick circular Ag disk surrounded by step gap appears dark when observed from one side, and bright from the opposite side. The stepgap structure, together with the different dielectric environments on both sides of the Ag film, breaks the geometrical symmetry on the device, yielding this asymmetric phenomenon. Through full wave electromagnetic simulations, we demonstrated the physical origin of this ''reverse halo'' effect as a three-step coupling process: photons couple into SPPs, which propagate and interfere along a circular metal surface, yielding a maximum intensity at its center, before finally coupling back into photons through radiation loss. This asymmetric color filter based on forward and reverse plasmonic halos can have potential applications in areas such as optical color filtering and biosensing via dielectric detection within the step gap SPP cavity.
Methods
Device fabrication and characterization. The fabrication process for the step-gap plasmonic circular cavities is as follows. A poly(methyl methacrylate 495) (PMMA) layer was first spin coated onto an indium tin oxide-(ITO) coated glass substrate, then baked on a hot plate for 90 sec at 180uC. The thickness of the ITO layer was about 500 nm. The thickness of the PMMA coating was controlled by spin speed and solution concentration. ITO-coated glass substrates were chosen to enable stable electron beam writing, as well as high optical transmittance in the visible range. Electron beam lithography was done on the PMMA-coated substrates in the Boston College Integrated Sciences Clean Room facility, forming arrays of circular holes with radii ranging from 1.0 to 3.0 mm. The spacing between individual circular holes is chosen to be 10 mm. Development was done in an MIBK5IPA 5 153 solution for 2 min. Samples were baked on a hot plate at 100uC for 1 min before being loaded into the sputtering chamber. 300 nm of Ag was sputtered onto the samples at a base pressure of 2 3 10 25 Pa in an AJA Int'l Inc. sputter system. Sputtering was done in DC mode, at a constant output power of 200 W. Silver thickness was controlled by deposition time after calibration with a quartz crystal monitor. Note that no lift-off process is needed. Transmission optical images are obtained by a 503 objective (NA 5 0.8) in the Leica DM 6000 M Optical Microscope.
Numerical simulations. The mode profiles shown in Figs. 3 & 4 were obtained by finite element electromagnetic simulations in COMSOL Multiphysics 4.3b. Two dimensional simulations with axial symmetry were carried out, with plane wave incident from the top side of the geometry (Fig. 3(a) ), and perfectly matched layers (PML) covering the bottom and right side. The symmetry axis (r 5 0) coincides with the left boundary of the geometry. Incident electric field is polarized along the r-axis, and magnetic field is polarized along the h-axis, corresponding to an axially polarized optical beam. The spatial average of the simulated electric field intensity (shown in Fig. 4(c) ) was done in OriginLab 8.1.
